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Abstract

A model reference adaptive sliding mode control for the position control of the permanent magnet synchronous motor
is developed in this article. First of all, a fast sliding surface is designed to achieve faster convergence than the ordinary
sliding mode control. Then, the adaptive laws are developed to make the control parameters, especially the switching
gain, updated online. Therefore, the chattering can be reduced effectively and the disturbance can be rejected well.
Finally, a reference model which produces an exponential decay curve is applied for the position error to follow. Thus,
not only fast error convergence can be guaranteed, but also the dynamic process of the system response can be con-
trolled easily by modifying the decay rate of the reference model. The proposed model reference adaptive sliding mode
control scheme combines the advantages of the sliding mode control and the model reference adaptive control.
Simulation and experimental results reveal that faster and more accurate performance with smoother control signal and
better robustness is obtained compared with other methods. Also, the model reference adaptive sliding mode control
method can maintain good performance when the system inertia or the position reference varies in a wide range.
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Introduction developed to climinate the interconnection effects of
the PMSM in Barkat et al.’ In Nguyen and Jung® a
model predictive control (MPC) was developed to guar-
. 5 > antee the stability and robustness for surface-mounted
tems such as robots, electric vehicles and numerical PMSM drives. In addition, it has been verified that the
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to-inertia ratio. However, the performance of PMSM PMSM systems, a plug-in iterative learning control
systems may be degraded becaus§ of external distur- ¢ pome was applied in the conventional PI speed con-
bances such as the load torque disturbance, the mea- troller in Qian et al.” The results demonstrate that the

surement error and cogeing and mt.ernal uncertja.llntles scheme is more effective in frequency domain. In Jin
such as parameter variations. In this case, traditional
linear method like proportional-integral-derivative
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The permanent magnet synchronous motor (PMSM)
has been applied widely in high-performance drive sys-
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and Lee,® a robust method composed of a model refer-
ence adaptive controller and a disturbance estimator
has been proposed. This method compensates the
cross-coupling terms regardless of parameter varia-
tions. An evolutionary fuzzy PID controller has been
designed for PMSM systems in Choi et al.” The fuzzy
PID method shows good performance in the presence
of load torque variations. The above methods have
improved the control performance of PMSM systems
from different perspectives. However, it should be
noted that the design complexity and computational
burden of these new methods are increased.'®
Moreover, generalizing their designs into our applica-
tion, the position control of PMSM is a question.

During the past decades, sliding mode control
(SMC) has been applied widely for its fast response and
robustness against disturbances.'""'> A non-singular ter-
minal SMC (NTSM) has been proposed by Feng
et al.'® and applied in the rigid manipulators. The
NTSM solves the singularity problem of traditional ter-
minal SMC (TSMC) in a simple way. A continuous
NTSM (CNTSM) was proposed by Yu et al.'* to over-
come the chattering problem. The simulation results
show that the CNTSM has advantages of stronger
robustness and chattering attenuation. However, the
effectiveness of CNTSM in real PMSM systems has not
been validated. The chattering problem still hinders the
application of SMC.">!® Numerous methods have been
developed to solve the chattering problem. The bound-
ary layer approach was introduced for the speed control
of PMSM by Baik et al.'” However, the disturbance
rejection capacity of SMC is weakened while the chat-
tering phenomenon is attenuated. In addition, several
disturbance estimation techniques have been studied to
eliminate the chattering phenomenon by compensating
for the disturbance. In Kim and Youn,'® a simple dis-
turbance observer was presented to estimate the distur-
bance torque and flux linkage. An adaptive disturbance
observer has been introduced for the current control of
PMSM in Mohamed,'® and has achieved high current-
control performance with chattering minimization. The
extended state observer (ESO) has been also success-
fully applied for disturbance estimation and compensa-
tion.2>2® However, the disturbance observers make
control systems complex and are usually not easily to
implement in real applications. Moreover, the distur-
bance estimation is usually derived from the time-
varying parameters such as the voltage and current of
the pulse width modulation (PWM) inverter. These
parameters are difficult to measure accurately because
they contains much noise caused by the switching.**

As a result, there there are still three issues in the
usage of the SMC:

1. Keeping balance between disturbance rejection
capacity and control chattering cannot be realized
easily. Large switching gain is usually selected to
obtain strong robustness, which leads to large con-
trol input and serious chattering.?**¢

2. The fractional powers of the existing nonlinear
sliding surface (SS) are usually between 0 and 1,
which results in a slow reaching phase.

3. Although fast and accurate control performance
may be achieved by adjusting SMC parameters
kindly, we cannot control the dynamic process.
For example, a dynamic response with a specific
settling time may be necessary in the position con-
trol of PMSM drives.

An integral terminal sliding mode (ITSM) control
method®’” has been developed for tracking control of
uncertain relative-degree-one systems. Sign and frac-
tional integral terminal sliding modes were introduced
in ITSM so that the reaching time of the sliding modes
is eliminated. In other words, a fast transient response
is realized. However, the robustness of ITSM against
external disturbances and internal uncertainties in
PMSM systems cannot be guaranteed. In Wang et al.,*¢
an ITSM control scheme with the adaptive SS has
developed for automobile electronic throttle systems.
However, the conventional reaching law with a con-
stant switching gain has been adopted so that the afore-
mentioned issue (1) cannot be solved. In recent years,
the concept of model reference adaptive sliding mode
(MRASM) has been proposed for different applica-
tions. In Ganesan et al..*® a hybrid controller compris-
ing a model reference adaptive control (MRAC) and a
second-order SMC was developed for automatic train
operation. A model reference adaptive SS has been pro-
posed by Kara and Salamci®® for different missile mod-
els. An MRASM method using a neural network has
been reported in Fang et al.** to control the single-
phase active power filter. The above methods have
improved the performance of their plants. However,
the effectiveness of these methods in PMSM systems
remains unknown. They cannot completely solve the
aforementioned three issues in PMSM control systems.
In addition, the effectiveness of these MRASM meth-
ods was not verified in real applications.

In this article, a novel MRASM method is developed
for the position control of PMSM. It is composed of a
reference model producing exponential decay curves
and a novel adaptive integral sliding mode control
(AISMC). The MRAC has been studied extensively for
the advantages of explicit dynamic performances and
parameter adaptation capabilities.*'*> The proposed
MRASM control scheme will be on the basis of MRAC
structure, and an AISMC will be designed as a replace-
ment of the conventional adaptive laws. Therefore, the
proposed MRASM combines the advantages of
MRAC and SMC. The contributions of this article can
be listed as follows.

I. A new AISMC method is designed. Control para-
meters including the switching gain are designed to
be adaptive online. Therefore, both the disturbance
rejection ability and the chattering-free characteris-
tic can be guaranteed. Moreover, the SS has a
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fractional power which is larger than 1, which can
achieve faster convergence than the conventional
SS. Consequently, the aforementioned issues (1)
and (2) can be addressed.

2. To control the dynamic process easily, an exponen-
tial decay in Nguyen et al.'” is applied. Thus, not
only the fast response but also the dynamic response
with specific settling time can be realized. Therefore,
the aforementioned issue (3) will be solved
effectively.

3. The proposed method has been applied in the PMSM
systems successfully. Simulation and experimental
studies were carried out to verify the good perfor-
mance of the proposed MRASM control scheme.

The rest of the article is organized as follows. Section
“Mathematical model of PMSM” shows the mathemat-
ical model of PMSM under internal uncertainties and
external disturbances. In section “The MRASM con-
troller design,” the proposed MRASM control method
is designed, and the closed-loop stability is proved.
Simulation and experimental results are presented in
section “Results and discussion.” Finally, section
“Conclusion” gives the concluding remarks.

Mathematical model of PMSM

Taking the rotor coordinates d-g as reference coordi-
nates, the mathematical model of surface-mounted
PMSM can be expressed as follows™

ug(t) = le:d(t) - str(t)iq(l) + Ryig(?)

u (1) = Lyiy (1) + Lig()w, (1) + ,0.(1) + Ryiy(1)
T.(t) = Kiig(1)

Lo =Tdt) = Zo() - TL

(1)

where u(t), u,(f) are d and g axis stator voltages, respec-
tively; iAt), i,(¢) are d and g axis stator currents, respec-
tively; L, is the normal value of stator inductance; R, is
the normal value of stator resistance; w,(?) is the electri-
cal angular velocity of rotors; T,(¢) is electrical magnetic
torque; n, is the number of pole pairs; K, is the normal
value of torque constant; J is the normal value of sys-
tem moment of inertia; B is the normal value of viscous
friction coefficient; 7' is load torque; , is the normal
value of flux linkage of rotors.

Usually, to attenuate the couplings between speed
and current, d-axis reference current iy is set to 0.3*
Assume that the external disturbance and parameter
variations are absent. Taking the angular position and
velocity as the system state variables, the dynamic
model can be expressed as

6,(1) = (1)
d’r(t) = nﬂj / iq([) - gwr(t)

= () = B t) + " (i, (0) = (1)
= ai(1) + bw(1) + (1)

)

where 0, is the electrical angle of rotors, a = n,K;/J,
b= —B/J, c(t) = a(iy(t) — i, ().

If the disturbances occur, that is, a load torque dis-
turbance or parameter variations effect the system, the
dynamic model of PMSM drives can be modified as

0,(t) = w,(1)
(1) = (a + Aa)ii(0) + (b + Ab)o,(1) + c() — Tp
= ai’(1) + bw,(1) + d(1)

(3)
where d(?) is called lumped disturbance and defined as
d(t) = Aaiy(1) + Abw,(1) + c(t) — Ti. (4)

Here, the bound of the lumped disturbance is given as
follows

|d(D)] < mg (5)
where 7 is a given positive constant.

Remark I: In real industrial applications, the load tor-
que and the system inertia variation are two main dis-
turbances. Although it is hard to obtain their
maximum in a PMSM drives without operating condi-
tions, it is not difficult to know their bound in a spe-
cific application. That is, the bound 7, can be obtained
according to Equation (4) in a given application.

The MRASM controller design

The field oriented vector control for PMSM position
control systems has been used widely. It has a cascade
structure including a position loop, a speed loop and
two current loops. In this article, the position loop and
the speed loop are to be unified (herein after called
position-speed loop).

This section presents a new adaptive sliding mode
control based on a reference model. First, a reference
model introduced by Nguyen et al.'® is adopted. It pro-
duces an exponential decay curve for the position error
to follow. Next, an AISMC with a fast integral SS and
an adaptive switching gain is designed. Thus, a
MRASM controller is developed for the position con-
trol of PMSM systems. Finally, the stability of the
overall system is proved using Lyapunov method.

Reference model selection

The selected reference model can be expressed as'®
em + Ape, =0 (6)

with e, is the output of reference model and A,, is a
positive constant parameter. Unlike the traditional
MRAC whose reference model offers reference for the
feedback position, this reference model output is com-
pared with the position error (e = 0,-6,,, with 0, the
position reference) directly. The reference model out-
put can be represented as the following experimental
decay form
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em = c(ef’\”’)[ ()

where ¢ > 0 is deduced from the initial condition and #
is the time. One can see that the decay rate can be con-
trolled by modifying A,,,. Assume that the position error
e tracks e, well. The position error can converge to 0
in finite time and the convergence time can be regulated
easily. Define the system state variable x; = e-e¢,,, the
error dynamic model can be represented as

X] = X2
Xy = Hl(t) - ére/(t) —ém = ai;(t) + b (1) (8)
+ d(l) - éref(l) - ém

MRASM controller design

We design the following novel adaptive integral SS for
dynamic model (8)

s =X + BOx] + axs 9)
(0 = x17(1) (10)

with y > 1 is a designed parameter, B(z) can be
updated online by the following adaptive laws, « is a
positive parameter, p and ¢ are odd integers satisfying
p>¢g>0. The initial condition is x;00) =—1/«a
[X1(0) + B(0)xY(0)] with B(0) the initial value of B(1).
The proposed MRASM control scheme is designed as
follows

lq_

Q| =

(Brep + Em—bw,—B(1)yx) " %1 —ax¥” —m(1)sign(s)—ks)
(11)

where 7(¢) is another parameter that can be updated
online, k is designed to be positive. B(¢) and n(¢) are
adjusted by the adaptive laws as

B = —kix{ s (12)
(1) = kals| (13)

where k; and k, are two positive parameters which
determine the adaptive rates of the control parameters.

Remark 2: The proposed method is different from the
previous reported AISMC in Wang et al.?® First of all,
the switching gain in this article is designed to be adap-
tive online. This is important for the chattering reduc-
tion and the robustness improvement. Second, the
adaptive law of B(¢) is modified to be more effective
especially when the x; close to 0. Finally, as mentioned
before, the SS is designed to assure faster convergence.

Remark 3: The SS of conventional ITSM control in
Chiu?’ can be expressed as

sy = X1 + Boxl + agxy (14)

(1) = x{"(1) (15)
where By and «q are two positive parameters; and p and
¢ are the same as those in Equation (10). When the sys-
tem states reach the SS (i.e. s = sy = 0), the following
equation can be deduced according to equations (9) and
(14), respectively

(16)
(17)

X1 = — Box1 — agxy

1= = BOXY — ax;
Assume that By = B(¢) and ay = «. One can see that the
absolute value of x; in Equation (16) is smaller com-
pared with that of Equation (17) when x; is far away
from zero. In other words, the convergence rate of con-
ventional method is slower than that of the proposed
method. This will also be validated by the following
simulations and experiments.

Remark 4: Non-singularity and fast response are two
main advantages of ITSM control. We can enable the
system states to start on the SS s = 0 by adjusting the
initial value of xj. Therefore, reaching phase can be
eliminated and fast response can be obtained. In addi-
tion, one can see from control law (11) that there is no
negative fractional power in the control law. In other
words, the proposed control scheme is non-singular.

Theorem: Consider the PMSM systems with the error
dynamic model in dynamic model (8), the error x; and
its first derivative x, will have a finite-time convergence
to 0 if the control law is designed as Equation (11) with
the adaptive laws in Equations (12) and (13).

Proof: The disturbance bound error is defined as
7 = n(t) — my. Choosing a Lyapunov function as

1 2 1 ~2
P+
25 T "

(18)

Then, the derivative of the Lyapunov function is

7= s+ (0~ )0
2
= 562 + BO)N] + yBOX] ' xo + ax!”)
1
+ =000 = 1))
2
= S(ai;;(l) + bw,(t) + d(t) — éw},_ G+ B(l)x?
+ yB(Ox]'xy + axf/”) +
1
k—z(n(t) — Mo)N(1)
(19)

Substituting the control law (11) into Equation (19)
yields
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V=ys {(é,.ef + é,, — bw, — B(l)’yxly*1

x; — ax?’? — m(1)sign(s) — ks) + bw,(r)

(1) = Brep — G + BOXT + BN 'y + x| + klz(n(l) — 1))

s[d(t) + B)x] — m(nsign(s) — ks] + kiz(n(t) — mo)N(1)

(20)

. 1
= sd(1) + sB(Ox] — |s|n()) — ks® + k—z(n(t) = mo)0()

Using the updated laws (12) and (13), we have

V = sd(1) — ki8*x3 — |s|n(t) — ks* + (m(2) — mp)]s]
= — kys*x3 — ks* — mg|s| + sd(1)
< — kis*xt — ks® — mgls| + |s|d(z)|
= —kis’x] — ks — (o — |d(D)])]s]
(21)

Equations (5) and (21) imply that ¥ < 0, which shows
that x; and x, converge to 0. This completes the proof.

The above proof reveals that the position error e
converges to the reference model output e,, in finite
time. It is obvious that ¢,, converges to 0 in an exponen-
tial decay way, therefore, e converges to 0 in finite time.
Figure 1 shows the complete block diagram of the pro-
posed MRASM for the position control of PMSM
systems.

Results and discussion

To verify the performance of the proposed method,
simulations and experiments were carried out in
MATLAB/Simulink R2017a and a digital signal pro-
cessing (DSP)-based test environment, respectively.
The position control can be divided into positioning
control and tracking control, and they will be illu-
strated in simulations and experiments, respectively. In
our test bench, the load disturbance and the inertia var-
iation are the major parts of external disturbances and

internal uncertainties, respectively. As a result, only the
load disturbance and the inertia variation are consid-
ered in this article for simplicity. For comparison, the
ITSM control’” and the method in Ganesan et al.*®
(hereafter called as model reference adaptive second-
order sliding mode (MRASOSM)) were modified for
the position control of PMSM systems. They are pre-
sented as follows

1

UITSM (22)

(Ol‘ef — bw,. — ,Boe — aoe‘m’ — k3SigIl(SI) — k4S1)

where «, Bo, p, ¢ and sy are the same as those in
Equations (14) and (15), k3 and k4 are two positive
parameters

UMRASOSM — lgsl |Sm|0'58ign(sm) + JIE‘YZSign(Sm)d[ (23)
with

Sm = Oref - Gr
Xm = Xy + bzngrg/'

em = 0, — Xy

ka = — (Fsl|5m|0'55ign(5m)em + Vsllgsl)

kS2 = - (FSZ (J Sign(sm)dl)em + 732]%'2>

.| Adaptive

| Law (12)

Reference  |Em = ® X -
Model (6) V-l—“ i

Sliding Surface

Position
Reference

ref |— €
4?

9), (10)
> *

Y A 0
Adaptive MRASM R r
Law (13) Control (11) P EMSN Flant 5)

> (0]

Figure I. The block diagram of the proposed MRASM control scheme.
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Table I. Parameters of the PMSM.

Parameters Values
Rated power 1.5 KW
Rated torque 14.32 Nm
Rated speed 1000 rpm
Stator resistance 1.79Q

Pole pairs 4

Torque constant 2.45Nm/A

System moment of inertia 1.792 X 1073 kgm?
Viscous friction coefficient 9.403 X 10~°Nms/rad
Stator inductance 668X 1073 H

Flux linkage 0.4083 Wb

where 1551 and 1552 are the adaptive control gains, s, is
the sliding mode surface of MRASOSM, «,, and b,,, are
the parameters of reference model, x,, is the output of
the reference model and e, is used to update the adap-
tive control gains.

The saturation limit of control input i; is +25A and
the disturbance bound my = 10. The sample time of
position-speed loop and current loop are 10 and 1ms,
respectively. Note that every control algorithm
obtains relatively good performance by adjusting its
parameters. Parameters of the PMSM are shown in
Table 1.

Simulation results

This part validates the positioning performance of the
proposed method. The PMSM positioning systems
under MRASOSM scheme, ITSM control and the pro-
posed MRASM control method were simulated by
MATLAB/Simulink R2017a. The proportional and
integral gain of current loop are 0.15. The MRASOSM
parameters are Iy =TIy =0.001, v, =7y, =0.5,
a,, = —10, b,, = 10 and l%sl(O) = l%sz(O) = 2. Parameters
of ITSM were selected as: ayg = 100, By = 250, p =7,
q =1, ky = 250, k4 = 50. The following parameters of
MRASM were used: A, =50, a =50, B(0)= 150,
vy = 1.9, n(0) = 50, k; = 0.002, k, = 0.01, p and ¢ are
the same as those in ITSM control.

Positioning responses with load disturbance. For compari-
son, the position reference is 6" = 70°, which can lead
to relatively good performance for MRASOSM con-
troller and ITSM control. To demonstrate the distur-
bance rejection ability of the proposed method, external
load torque 7, = 5Nm is added at 7= 0.25s and
removed at 1 = 0.35s.

The simulation results of three methods are shown
in Figure 2. One can seec that MRASOSM shows
smooth control signal, but large fluctuations are caused
by the external load disturbance. Moreover, the steady-
state error is large. ITSM shows finite-time convergence
and small fluctuation caused by load disturbance.
However, the convergence rate is a little slow and we
can observe a large control chattering from Figure 2(b).
The result reveals that we can obtain a good distur-
bance rejection ability by choosing a large switching
gain k4. On the contrary, however, the chattering level
is increased because of the large gain. It is difficult to
keep a good balance between chattering and robustness
using ITSM control. It can be observed that fast, accu-
rate performance is obtained when MRASM is applied,
and the disturbance fluctuation is negligible. Moreover,
Figure 2(b) shows that the control signal is smooth even
though the load disturbance varies.

Positioning responses with inertia variation. To demonstrate
the uncertainty rejection ability of the proposed
method, the system inertia is increased to 10/, and the
performances of three methods are shown in Figure 3.
It is obvious that the proposed MRASM method has
faster and more accurate performance compared with
MRASOSM and ITSM control. Furthermore, the con-
trol signal of MRASM control is smooth.

Positioning adjustability of MRASM. Position targets with
large range are applied for PMSM systems under
MRASM control. Figure 4(a) and (b) shows the simu-
lation results for target position 150° and 250°, respec-
tively. One can see that a finite-time convergence can be
guaranteed even if the position demand becomes large.

70
®
2o MRASOSM
2 ====|TSM
:f_,:) = MRASM
5 | T F | Reference
o
& 50

40

Time(sec)

(a)

0.2 0.3 0.4 0.5

iq'(A)

= = MRASOSM
=== ITSM
—— MRASM

0 0.1 0.2 0.3 0.4 0.5
Time(sec)

(b)

Figure 2. Positioning performance of three controllers with load disturbance (simulation): (a) position response and (b) control input i.
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80 < 30
20fi" _—-_-:\IEZSM
5 60 H
3 ———-ITSM 10 E" \ MRASOSM
= < -
5 40 MRASM S o i\ et
A N Reference g !.! AR ="
& - — MRASOSM 10 it
20
-20
0 : : : -30 ‘ :
0.2 0.3 0.4 0.t 0 0.1 0.2 03 04 0.5
Time(sec) Time(sec)
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Figure 3. Positioning performance of three controllers with /= 10Jo (simulation): (a) position response and (b) control input i.

160
200
140
B g
S 120 Response S 150 Response
.§ ----- Reference g 4 T Reference
s 100 2
S o
o 100
80
60
0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8 1
Time(sec) Time(sec)
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Figure 4. Positioning performance of MRASM controller under different position references (simulation): (a) reference = 150° and

(b) reference =200°.
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I‘" ."’
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ke y —_ ). =50
z ; _i' m
260 ¥ i %_=30
= {
g I SN % =15
55 ]
1
J1
50 i
0 0.2 0.4 0.6 0.8
Time(sec)

Figure 5. Positioning performance of MRASM controller under
different values of A, (simulation).

Figure 5 presents the performance of the MRASM
control with different values of A,, in the reference
model. It is obvious that we can regulate the transient
process easily by adjusting A,,.

Experimental results

This part demonstrates the tracking performance of the
proposed MRASM control. An experimental setup has

Figure 6. Experimental test setup.

been built as shown in Figure 6. The real-time emulator
contains a DSP TMS320F28335PGFA. The function
of it is to provide a MATLAB/Simulink programming
environment. The whole algorithm, including position-
speed controller, Clarke transform, inverse Park trans-
form and so on, is implemented by MATLAB/
Simulink. Then, all of those algorithms are converted
into DSP code. Next, the gate drive is sent from DSP
to the driver of PMSM. The experimental data can be
collected on the host computer. An incremental posi-
tion encoder is used to measure the rotor speed and
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0 1 2 3 4 5
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Figure 7. Tracking performance of MRASOSM with load disturbance (experiment): (a) position response and (b) control input i.
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Figure 8. Tracking performance of ITSM with load disturbance (experiment): (a) position response and (b) control input i.

absolute rotor position. Hall-effect devices are used to
measure the phase currents.

The MRASOSM parameters are I'y; = I'i, = 0.001,
Vst = Vs2 = 0.5, a,=-10, bm =10 and lgvl(o) =
1€S2(O) = 5. The parameters of ITSM were selected as:
ag =100, Bo =250, p=7, ¢g=3, k3=200 and
k4 = 50. The following parameters of MRASM were
used: A, = 20, « = 50, B(0) = 50, y = 1.9, 1n(0) = 50,
k1 =0.002 and k, = 0.01. p and g are the same as those
in ITSM control.

Tracking performances with load disturbance. For compari-
son, the position reference is 6* = 70sin((7/2)
t + (/2))°, which can lead to relatively good perfor-
mance for MRASOSM controller and ITSM control.
External load torque 7; = 5Nm is added at t=2s
and removed at ¢ = 3s.

We can see from Figure 7 that MRASOSM shows
fast convergence. However, the disturbance rejection
ability is poor. Figure 8 shows the performance of
ITSM. It can be observed that the tracking error con-
verges to a small region in finite time. However, a large
amount of chattering is caused in the control signal.
Moreover, there is an evident fluctuation in the posi-
tion response and the control input when the load tor-
que varies. The performance of the proposed method
are given in Figure 9. A faster response is realized than

the ITSM control due to the application of the pro-
posed fast SS. The control input is smooth regardless
the disturbance, and the response fluctuation is negligi-
ble when the load disturbance occurs. It should be
emphasized that due to the adaptation mechanism, the
chattering can be reduced and the load disturbance can
be rejected.

Tracking performance with inertia variation. To validate the
uncertainty rejection capability of MRASM control
scheme further, we change the system inertia of the
experimental test setup. The reference is still
0" = 70sin ((7/2)t + (mw/2)) and the tracking error of
the MRASM method is shown in Figure 10. It can be
seen that the convergence rate becomes a little slower
with an increase in the system inertia. However, the
transient response remains fast and accurate regardless
of the internal parameter variations. Thus, we can con-
clude that the proposed method has strong robustness
against external disturbances and internal parameter
variations.

Tracking adjustability of MRASM. Tracking targets with
large range are applied for PMSM systems under
MRASM control. Figure 11(a)~(c) shows the experi-
mental results for target position 100sin(wt + 7/2)°
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Figure 9. Tracking performance of MRASM with load disturbance (experiment): (a) position response and (b) control input ig.
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Figure 10. Tracking error of MRASM control with different
system inertias (experiment).

and 160sin(7rt + 7/2)°, respectively. It can be observed
that fast, accurate performance can be obtained even if
the amplitude and frequency of tracking target become
large.

Figure 12 provides the tracking performance of
MRASM control with different values of A, in the ref-
erence model. One can see that the transient process
can be controlled easily by adjusting A,,,. Note that this

is difficult for conventional SMC methods. It is the use
of reference model that achieves the adjustability of
transient response.

Discussion

To make comparisons clear, the positioning perfor-
mances with load disturbance mentioned in section
“Positioning responses with load disturbance” and the
tracking performances in section “Tracking perfor-
mance with inertia variation” of three methods are
summarized in Table 2. For positioning task, it can be
observed that the settling time of MRASM is reduced
by 30.8% and 43.7% compared with MRASOSM con-
troller and ITSM method, respectively. The steady
tracking error is reduced by 83.8% and 37.5%. For
tracking task, the steady tracking error is reduced by
10.9% and 85.4%. The convergence rate of MRASM
is increased by 30.8% compared with ITSM method.
MRASOSM shows good tracking performance but
poor disturbance rejection ability. The robustness
against external disturbances and internal uncertainties
of the proposed method is much better than the other
two controllers. It should be noted that the chattering
problem is solved effectively by applying adaptive
gains.
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Figure I 1. Tracking performance of MRASM under different references (experiment): (a) reference = 100sin(wt + 7/2), (b)

reference = 160sin(t + 7/2), and (c) reference = |0sin(7/2t + 77/2) deg.
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Figure 12. Tracking performance of MRASM under different values of A, (experiment): (a) position response and (b) tracking error.

Table 2. Control performance comparisons.

Control Controller

task

Settling Steady-state Maximum
time (s) error (°) disturbance
fluctuation (°)

Positioning  MRASOSM 0.13 0.31 0.6l
task
ITSM 0.16 0.08 0.26
MRASM 0.09 0.05 0.10
Tracking MRASOSM 0.12 0.46 201
task
ITSM 0.26 2.80 2.17
MRASM 0.18 0.41 0.98

MRASOSM: model reference adaptive second-order sliding mode; ITSM:
integral terminal sliding mode; MRASM: model reference adaptive sliding
mode.

Conclusion

A MRASM control scheme has been developed for the
position control of PMSM systems in this article. First, a
new AISMC with a fast SS and two adaptive gains is
designed. The convergence rate is faster than the conven-
tional SMC methods, and the two main control gains can
be updated online to reduce chattering and reject distur-
bances. Second, a reference model is applied to achieve
explicit dynamic performance. It produces an exponential
decay curve for the position error to follow. The effective-
ness of the proposed MRASM control has been illustrated
by simulation and experimental results. The MRASM
control shows a fast transient response, a accurate steady
state, smooth control signals and good robustness against
disturbance and uncertainties. In addition, the proposed
method can maintain good performance when the position
reference varies in a wide range. Note that the dynamic
response can be regulated easily by using the proposed
MRASM method. The new control scheme can be applied
to other relevant servo systems.
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